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Abstract
Excess energy produced from renewables can be stored and reused via the “power-to-gas-to-power” (PGP) technology. We 
present an innovative idea which represents a decarbonised extension of PGP based on a closed carbon cycle. Our show case for 
the cities Potsdam and Brandenburg/Havel (Germany) outlines an overall efficiency for the entire process chain of 28 % with 
total costs of electricity of 20 eurocents/kWh. If existing locations in Europe, where natural gas storage in porous formations is 
performed, were to be extended by CO2 storage sites, a significant quantity of wind and solar energy could be stored 
economically as methane.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Austrian Academy of Sciences.
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1. Introduction
Renewable energy available in Germany will play a far greater role in satisfying energy requirements than before,
particularly in view of the country's accelerated withdrawal from nuclear energy. The federal government foresees 
renewable energy becoming a central pillar of our future energy supply [1]. According to the federal government's 
energy concept, the generation of power by wind turbines and photovoltaic systems represent the main areas on 
which our energy production will concentrate in future [2]. However, the provision of energy from wind or solar 
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power is subject to strong temporal fluctuations and major regional variations. For this reason, the demand for
balancing energy, to compensate for discrepancies in production, will rise in the long term. It is already the case 
today that power output from wind generation plants is limited in periods of strong wind or light loads, because 
otherwise the stability of the power grid would be at risk. According to various scenarios of how the energy system 
of the future may be structured, the proportion of electricity generated from renewable energy sources that is not 
needed at the time of its generation is forecast at between 90 TWh and 270 TWh for 2050 [3], depending on the level 
of development of the power grid and the ability to control generation and load.
To balance out fluctuations when renewable energy is fed into the system and to allow for a comprehensive use of 
wind and solar power, it is necessary to develop tailored local power storage technologies of different temporal and 
spatial scales (Fig. 1). Without the ability to store irregularly generated renewable energy from wind and sun in short 
and long-term periods, the success of the energy transition hardly seems possible from today's point of view [4].
Fig. 1. Various storage options for excess energy displayed as a function of storage capacity and time. For larger amounts of energy and mid to 
long-term storage the “power-to-gas” technology based on synthetic methane is the only available option.
In order to balance out seasonal fluctuations, the transformation of renewable electrical energy (possibly surplus 
energy) into hydrogen and/or methane [5] and its subsequent storage in geological units is a method that offers 
particular promise. As the German “Safe Energy Supply” ethics commission stressed on 30 May 2011: In the long 
term, seasonal power storage based on hydrogen or methane will become increasingly important [6]. Moreover, the 
large storage capacities required for seasonal balancing are already available, particularly in the form of porous 
reservoirs (saline aquifers, depleted oil and gas reservoirs), and connected to the natural gas network [7].
2. Energy supply system in Germany and Europe
The current energy supply system in Germany and Europe is structured such that the daily base-load curve is 
primarily serviced by large-scale power stations, the majority of which are thermal power plants. These generally 
function by burning fossil fuels such as coal or natural gas. Problems associated with burning fossil fuels include the 
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formation of environmentally effective CO2, plus the fact that fossil fuels do not renew themselves within a human's 
temporal time frame.
Accordingly, when the German Act on Granting Priority to Renewable Energy Sources (EEG) came into force 
2000, power plants that ran on renewable energy sources increased commensurately in importance. By the year 
2012, 22 % of gross electricity production came from renewable sources [8]. In particular, these included wind and 
solar power, hydropower and biomass. The disadvantages of solar and wind power plants is that these depend on the 
availability of their energy sources, and are therefore subject to strong fluctuations. Energy requirements and energy 
production are thus frequently not equal, which necessitates some form of balancing mechanism. This represents a 
major challenge when it comes to controlling the present power plant fleet. Surplus generated electricity cannot be 
directly stored in that form. Hence, either a storage medium that is transformed by electrical energy and absorbs 
energy through the transformation or a physically based storage system based on either pump or compressed air 
storage mechanisms are required. One possibility for realizing the storage of solar or wind energy is provided by 
CH4.
3. Concept of the extended “power-to-gas-to-gas-to-power” technology
If the current electricity demand is lower than the production level from renewable sources, the surplus is used to 
produce hydrogen (H2) by means of the electrolysis of water. The hydrogen is then applied as a reactant for 
methanation of CO2 originating from one of two underground storage sites installed for that purpose. The methane 
thus generated is fed into the second reservoir and can be extracted and converted back to electricity when required, 
preferentially in a combined cycle gas and steam turbine power plant to ensure maximum conversion efficiency. To 
render the system emission-neutral, it must be located in close proximity to both geological storage sites to enable 
the CO2 produced to be directly separated and fed into the CO2 reservoir (Fig. 2).
Fig. 2. Schematic of integrated underground gas storage of carbon dioxide and methane to decarbonise the “power-to-gas-to-gas-to-power” 
technology. The concept is based on a closed carbon cycle. Hydrogen is generated from renewable energy by electrolysis and transformed into 
methane with carbon dioxide taken from an underground geological storage. Methane produced is stored in a second reservoir and combusted in 
a combined-cycled power plant when needed. Carbon dioxide is separated during energy production and re-injected into the storage formation.
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Combined cycle power plants have the advantage that they can be started up and shut down quickly, and can 
therefore be employed flexibly for load balancing in an electricity network. Moreover, the power output of the plants 
is scalable over a range between 80 MW and 400 MW per block. This makes the system proposed profitable even 
for smaller units, such as municipal utilities, and supports the decentralization and control of electricity generation 
by way of intelligent, so-called “smart grids”.
Energy storage on the basis of methane offers three major advantages over hydrogen storage: i) it represents the 
current state of the art and can be applied in the short term; ii) retransformation of methane into electricity can fall 
back on established power plant technology, and iii) methane can be fed easily into the existing gas network. A 
major disadvantage of using methane for energy storage, however, is that its reconversion into electricity (energy) 
releases CO2, with all its attendant effects on the environment. A system of methane-based energy storage should 
therefore be combined with low to zero emission carbon-cycle management. The installation of a power station for 
retransformation into electricity in the vicinity of a methane gas storage facility equipped with CO2 capture
technology [9], plus the operation of an additional CO2 storage reservoir offers the possibility of realizing such a 
sustainable, extended PGP concept. This approach ensures permanent provision of CO2 for the methanation process.
All in all, we expect in that way an essential contribution to the electricity market in Germany and in Europe [10].
4. Regional show case
The federal government's energy transition strategy [1] foresees that about 30 % of Germany's energy should be 
supplied from renewable sources by the year 2030. We have oriented our activities towards this objective and have 
investigated the extent to which the energy storage concept we present can contribute towards it. 
The aim of a preceding study [11] was to assess the potential of the extended PGP method, based on existing load 
and generation curves, taking the year 2010 as an example. We began by analysing data from the transmission 
system operator '50Hertz' (50Hz) [12] relating to the infeed of renewable energies and scaled the electricity infeed 
and load of the 50Hz control area, and thus determined the quantity of surplus electricity that would be available for 
storage [13]. It is difficult for a net electricity exporter as the Federal state of Brandenburg to calculate a level of 
surplus electricity for the year 2010, because it must be viewed within the overall German energy system or even 
with respect to entire Europe. For this reason, we aimed at investigating how much renewable energy would be 
needed to provide the target area with 30 % of its electricity.
The show case outlines advantages and disadvantages of the extended PGP concept on the basis of a practical 
example for the cities of Potsdam and Brandenburg/Havel [11] in the Federal State of Brandenburg (Germany),
including estimates of the process efficiency and costs of electricity (COE). Brandenburg was selected as a study 
area, because it is a net exporter of electricity and covers an essential proportion of its energy requirements from 
renewable sources (approx. 15 %). Further, an essential factor is a CO2 storage reservoir on the same order of 
magnitude (approx. 100,000 t CO2) as the successful research site of Ketzin [14].
An essential factor of the energy storage concept presented here is that there is a gas and steam turbine combined 
cycle power plant in the immediate vicinity of the storage location. We have determined the smallest economically 
viable power plant as 120 MWel. However, this exceeds the demand of the city of Potsdam, but would be suitable for 
additionally supplying the city of Brandenburg/Havel. The two cities represent a non-industrial supply area with a 
total population of about 227,000 and a total electricity demand of 900 GWh per year of which 30 % are supposed to 
be provided from renewable sources. Our calculations are based on the assumption that the power plant contributes 
2,800 full-load hours to supply the area under examination and that it is able to support covering the increased 
daytime demand of the two cities [11].
Fig. 3 shows the development of CH4 on a monthly basis of methanation and combustion in the combined cycle 
plant. The demand for CH4, and hence for additional electricity varies by a factor of two through the year and can be 
considered fairly constant with a minimum of 2,750 t (19 GWh) in June and a maximum of 5,400 t (36 GWh) in 
January. The synthesis of CH4 varies according to the meteorological conditions by a factor of ten leading to two 
maxima in CH4 synthesis corresponding to two maxima in excess electricity in March (177 GW) and November 
(184 GW) and a minimum in July (18 GW). For January, February and from July to October more CH4 is combusted 
than synthesized, while being balanced over the entire year. 
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CO2 used for methanation is anti-correlated to the monthly CH4 difference. CH4 and CO2 are stored underground, 
if their respective monthly difference is positive. The carbon capture process attached to the combined cycle plant 
has a capture efficiency of approximately 90 % of CO2 generated during CH4 combustion. A surplus of 10 % CO2
for methanation is needed to gain high yields leading to a CO2 deficit of 46,859 t.
It could be demonstrated in the specific case of the cities of Potsdam and Brandenburg/Havel that 30 % of their 
energy requirements can be covered by 17 % of the renewable electricity sources from Brandenburg using this 
innovative technology [11].
Fig. 3. Development of synthesised and combusted CH4 and of the monthly difference between captured and produced CO2.
5. Process chain efficiency and costs of electricity
To determine the efficiency factor of the overall PGP process chain, beginning from the generation of renewable 
electricity, through electrolysis and production of H2, the methanation of CO2 in the presence of H2 (from 
electrolysis), storage of the CH4 produced, its subsequent combustion for energy provision, and the separation and 
storage of CO2, the amount of energy necessary was calculated for the essential process steps. The energy 
consumption of the PGP process chain as a whole, taking into account the individual steps, results in an overall 
efficiency factor of 28 % for the technology presented here. This takes into account a 4.7 % drop in the efficiency 
factor resulting from CO2 storage [11].
As expected, the overall efficiency factor of a technology that comprises numerous individual steps is not 
specifically high. However, it does present an opportunity to store energy supplied from renewable sources on the 
basis of state of the art technology and present infrastructure. The electric efficiency factors of pump-storage power 
plants and compressed air reservoirs are given with 80 % and 42 %, respectively [15].
Based on the calculation of the energy input in the investigated scenario, we have also determined the electricity 
production costs of the energy storage concept. The calculations take into account both, operating costs and the 
required investment costs. Regarding the costs of electricity generation from wind and solar sources, electricity 
transportation, electrolysis and methanation, we have drawn on values from the literature for our observations. The 
German Association for Gas and Water Applications (DVGW) compiled the relevant costs data in an extensive
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study [3]. From there, we have taken the conservative value of altogether 18 eurocents/kWh, which is deduced for 
operating at 4,000 full-load hours (here 2,800 full-load hours) with a CH4 production rate of 8,000 Nm3/h (here 
47,000 t of CH4 per year = 8,129 Nm3/h). The calculations of overall electricity production costs, injection and 
storage operation costs were conducted with the aid of the relevant parts of the techno-economic model of Nakaten 
et al. [16-18].
The storage operations integrated in the overall PGP process take into account temporary CH4 and CO2 storage.
The energy input calculated for the storage of CH4 results in costs of 0.83 eurocents/Nm3 (= 11.50 €/t of CH4) for 
gas injection and storage. This corresponds to 0.8 % of the overall costs. The costs of operating the reservoir for the 
CO2 separated from the flue gas and supplied for methanation on demand are determined with 2.74 eurocents/Nm3 of 
CO2 (= 1 €/t of CO2). This corresponds to 2.7 % of the overall electricity production costs.
For electricity produced in a gas and steam turbine combined cycle power plant with an output of 120 MWel and a
net efficiency of 50 % (including the drop in net efficiency due to CO2 separation) in accordance with the concept 
presented, the total electricity production costs for an operating period of 20 years are 20 eurocents/kWh [19]. The 
process of transforming excess electricity from renewable sources into CH4, which is then used in the power plant, 
has been considered in the calculations as fuel costs. The costs incurred by the separation of the CO2 from the flue 
gas, also included in the calculations, amount to 3.5 eurocents/Nm3 of CO2 (= 17.75 €/t of CO2) or 8.7 % of the total 
costs.
6. Discussion and conclusions
The presented innovative concept extends the conventional “power-to-gas-to-power” (PGP) technology with a 
closed carbon cycle and in that way it solves the issue of permanent carbon dioxide (CO2) provision needed for 
methanation. Excess electricity from wind and sun is transformed into hydrogen (H2) and with CO2 subsequently 
into methane (CH4). When needed, electricity is regained in a gas and steam turbine combined cycle power plant 
burning the CH4. The new idea is on the one hand to capture the CO2 from the flue gas and on the other hand to keep 
CH4 and CO2 in two geological storage formations in close vicinity to the power plant.
The principal idea was tested for a regional showcase of two German cities, Potsdam and Brandenburg/Havel
[11]. We demonstrate how 30 % of their electricity demand can be provided by using 17 % of renewable electricity 
generated in the State of Brandenburg. The overall efficiency of the system is 28 % and the associated costs of 
electricity (COE) are 20 eurocents/kWh.
The COE calculated for the storage concept presented here are relatively high when compared with average 
values for technologies used solely for energy production [20], which is, however, in the nature of things. They are 
above the COE of fossil fuel power plants by a factor of 3.4 (approx. mean value 6 eurocents/kWh). Compared with 
wind power, the costs are 2.9 times (onshore approx. 7 eurocents/kWh) and 1.5 times higher (offshore approx. 
14 eurocents/kWh). The costs incurred in photovoltaic systems are in the range of 11-15 eurocents/kWh, which is 
similar to the value for offshore wind energy. Nevertheless, underground storage of renewable energy based on PGP 
extended with integrated reservoirs for CO2 and CH4, as presented in this article, only causes COE similar to those of 
solar-thermal power plants (19 eurocents/kWh). However, if we compare the costs with other methods of electricity 
storage, it becomes clear that the presented concept is economically competitive. For instance, the COE of pump 
storage amounts to 11-28 eurocents/kWh and those for compressed air storage to 14-23 eurocents/kWh [15].
In Germany, the excess energy amounted to 421 GWh in the year 2011. In relation to the storage capacity of the 
given example of 300 GWh the potential of the extended PGP technology becomes obvious. With only one of the 
presented set-ups, 71 % of the excess energy could have been stored. For the year 2050 90-270 TWh of excess 
energy are predicted [3]. To date 40 underground storage sites for methane exist in Germany with a total capacity of 
200 TWh [7]. In principle, these storage sites are either formations consisting of highly porous rocks or caverns 
leached into subsurface salt structures such as salt diapirs. Porous rock storage formations are on the one hand 
depleted oil and gas reservoirs and on the other hand saline aquifers. For both, the dominant rock type is sandstone. 
Half of the German gas storage sites are located in highly porous rocks. If those 20 locations would be developed 
with a CO2 storage part of only the size as taken into account in the present study, 2-7 % of the excess energy for the 
year 2050 could be stored. Thereby, the total potential is even larger. Further, the presented extended PGP 
technology could be applied not only in Germany but in many other European countries and worldwide.
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